The employment of obstacles to accelerate dissipation of aircraft wake vortex near ground was proposed by DLR, with several subsequent studies on the effect of the obstacles under different atmospheric conditions.
I. Introduction
Wake vortex encounter in the vicinity of the airport has long been know as a potential hazard to flight safety. 1 This prompted a series of experimental studies at major airports aimed at better monitoring and understanding of the evolution of wake vortex starting in 1960s and continued to this days; 2-8 the measuring of vortex strength and trajectory were usually carried out using LIDAR system or towers fitted with anemometers. The resulting data provided valuable information furthering our understanding of vortex evolution near ground. Theoretical and numerical analysis based on the wake vortex measurements showed that the primary contributor of vortex breakup near ground is the secondary vortex structure formed by the viscous interaction between the wake vortex and the ground boundary layer;
9-12 on the other hand , wake vortex breakup at high altitude was shown to be mostly due to inviscid Crow instability.
11, 13
The WakeNet project was founded in 1998 with the aim of consolidating the knowledge among European countries. Wake vortex research on the evolution of counter rotating vortex pairs at altitude and near ground 13, 14 was conducted within several DLR projects since 1999. This lead to the investigation of using a ground based obstacle consisting of a square cylinder across the landing corridor with a cross-sectional area of 0.2b 0 × 0.2b 0 , to reliably trigger secondary vortex structures. Investigation comprise towing tank experiments at Wasser Schleppkanal Göttingen (WSG), Large Eddy Simulation studies of the obstacle structures and flight experiments at DLR Oberpfaffenhofen.
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II. Previous Studies
The ground based obstacle was further refined into the Plate-Line obstacle setup which consisted of a series of parallel plates, with width and height of 0.2b 0 and 0.1b 0 a respectively, placed across the flight corridor. The Plate-Line setup was shown, both experimentally and numerically, 18-21 to provide similar level of accelerated wake dissipation as the square-cylindrical obstacle while taking up significantly less space. The findings attracted attention from the Civil Aviation Authority of Singapore (CAAS), which funded this joint research project between Air Traffic Management Research Institute (ATMRI) under Nanyang Technological University and DLR Oberpfaffenhofen. The study called for the optimization of ground based obstacle and explore the possibility of implementing it within commercial airport. Large Eddy Simulation (LES) studies were conducted using both open source OpenFOAM toolbox, 22, 23 and in-house branch of the CDP code called "JETCODE" 24 to assess the influence of obstacle shape, crosswind speed, and crosswind turbulent intensity. The simulation domain used and flow characteristic for both the previous LES study a b 0 being the initial vortex separation.
on obstacle shape 23 and the current obstacle dimension study are based on the WSG experimental setup. 16 The wake vortex in our investigation was based on the LambOseen equation:
with the initial values Γ 0 and r c,0 taken from the WSG PIV measurements. The initial vortex characteristics from the WSG experiments is listed in Table 1 below. 
The simulation domain is defined as a 8b 0 ×6b 0 ×2b 0 rectangle for length (in the axial/x direction), width (y-direction), and height (z-direction) of the domain; this corresponds to a test section of 1.224m × 0.918m × 0.306m. The initial vortex height in our previous simulation is set to 0.5b 0 . A schematic of the simulation domain with the baseline obstacle setup used in this study is shown in Figure 1 . The circulation plot from our simulation showed noticeable difference between results from the two obstacle sets near the obstacle (Figure 3(a) ) throughout the simulation time, and the difference is even more pronounced further along the wake vortex axis ( Figure  3(b) ).
Figure 3. Circulation plot with different obstacle shapes from previous NTU study. The experimental data shown is from DLR's WGS study. 16 The data suggested that the area of the obstacle projected onto the x-z plane, which is the area facing the tangential component of the vortex flow, played a greater role in deciding the speed and level of wake dissipation than the shape of the obstacle alone. Regardless of the type of obstacle setup, though, the strength of the wake vortex saw a reduction to below 50% of its initial strength significantly faster with obstacles (by t * = 2.5) than without (t * > 4).
III. Simulation Setup
Simulations in this study were conducted using incompressible PISO algorithm based solver from OpenFOAM version 2.2.x, with the basic mesh setup created using ANSYS GAMBIT. Large eddy simulation (LES) was chosen for turbulence calculation, and the dynamic Smagorinsky model was used to model sub-grid-scale flow. The simulation domain is identical to the domain used in our previous study as shown in Figure 1 , and fully resolved, no-slip boundary conditions were enforced at the floor, side walls, and the obstacles; the top wall was set as full-slip wall; the end walls, normal to the vortex axis, employed periodic boundary condition.
While the simulation setup is largely identical to our previous simulations, we have opt to initialize the wake vortex at a height of 1b 0 instead of the 0.5b 0 that was used in our previous study: with the solver and simulation setup already validated against the experimental data from WSG, which were conducted with initial vortex height of 0.5b 0 , we were able to use a more realistic height for our modeling of wake vortex pair. The initial vortex height of 1b 0 was also observed in the LIDAR study by DLR at the Oberpfaffenhofen research airport where data with and without the plate-line were measured.
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Based on our previous simulation results, we have found that for obstacle with similar shape and height, the obstacle with a larger frontal area (project on the x-z plane) performs noticeably better than the one with a smaller area, most likely due higher induced drag that was produced. We have also received feedback from our colleagues from the airport management side of our research institute that an obstacle height of 0.2b 0 could pose safety and instrumental challenges when it comes to implementation of obstacles.
The current study aims to address concerns regarding obstacle height by investigating the effectiveness of constant-area obstacles at different aspect ratio (as shown in Figure  4 ). The area of the obstacle is kept constant to reduce the difference in vortex dissipation due to difference in drag produced by the obstacle. The obstacle on the far left is identical to the baseline plate-type obstacle that was tested in our previous study, and continued to served as a baseline for comparison in the current study. The obstacles for aspect ratio of 4 and 9/4 were chosen by reducing the height by 0.05b 0 increments and calculate the corresponding width; the other two obstacles were obtained by inverting the previous two. Further reductions in obstacle height were not pursued at the time as further refinement might be required to the wall mesh with the obstacle height so close to the boundary layer thickness.
IV. Results and Discussion
The simulation data was post-processed by extracting the velocity field at fixed location along the x-direction using ParaView 3.12.0; the location is normalized by dividing the x-position by b 0 , and the location of obstacle is set as x * = 0. A GNU-Octave program was created to track the vortex center and calculate the circulation of the vortex about its core; the tracking was done using minimum pressure value in a masked region, while the circulation was calculated using Γ max = max r {Γ(r)}, where the value of r was calculated for t * = 0. The circulation data, normalized with Γ 0 , is presented in Figure 5 .
(c) x * = 3.6 Figure 5 . Circulation plots at three x * locations along the vortex axis.
The effect of different obstacle height on the initiation of vortex dissipation is apparent in Figure 5 (a), as circulation from the taller obstacle (with smaller aspect ratio number) generally showed an earlier onset of vortex breakup. This is expected behavior since the taller obstacle come into contact with the wake vortex structure sooner than the shorter obstacle. However, a recovery in circulation magnitude can be observed in the cases where taller obstacles were used; we believe that is likely due to the secondary vortex structure (SVS) wrapping around and ingested back into the circulation measurement area. Overall, though, there appears to be little difference in terms of long term circulation reduction (for t * > 2) among the different obstacles tested.
In order to better understand the interaction between SVS and the primary vortex structure, visualization using iso-surface for ω * = 79, where ω * = ωt 0 and t 0 = b 0 /V 0 = 3.1s, was carried out; the value for the iso-surface was chosen to best reflect the flow structures based on previous studies. These visualizations are shown below in Figure 6 and Figure 7 . While we are currently unable to quantitatively measure the evolution of SVS, the visualization gave us a rough idea of how the markedly different SVS lead to similar profile for circulation over time. Visualization from Figure 6 demonstrated the effect of obstacle height on the time it took to initiate the creation of SVS from the start of simulation. While the creation of SVS can barely be seen on the shorter obstacles, the SVS generated from the tallest obstacle (AR = 1/4) can be seen already wrapping around the primary vortex. This observation is in agreement with the earlier onset of circulation reduction for higher obstacle seen in Figure 5(a) . However, the effect of obstacle height diminished further away from the obstacle, and almost completely disappeared at x * = 3.6 sample plane. Figure 6 , however, does not explain the subsequent circulation recovery for the low aspect ratio obstacles, and the eventual convergence in circulation level across the obstacle setups. To that end, Figure 7 was constructed to show the evolution of SVS and its interaction with primary vortex structure over time for obstacles with AR = 1 and AR = 1/4. As expected, while SVS from AR = 4 obstacle has yet to complete its wrap around at t * = 0.805, the SVS from AR = 1/4 has already interwoven into the primary vortex structure and began to spread the instability outward along the vortex axis. As the two legs of the SVS structure rotate in the opposite direction, the two legs would push away from each other, resulting in circulation dip observed in Figure 5(a) ; the drop in circulation was observed for all obstacles with the exception of AR = 4, which we believe is due to the larger distance between legs of SVS.
Comparing Figure 7 (a) to Figure 6 (c), which showed the SVS prior to its wrapping around of primary vortex structure, the obstacles with smaller aspect ratio produced a much stronger SVS with a more distinct Ω shape comparing to obstacles with larger aspect ratio. The difference in strength of SVS is also reflected by the much more coherent primary vortex structure from the obstacles with smaller aspect ratio, while much more deformation and dispersion of the vortex core can be seen with the cases with larger aspect ratio.
(a) AR = 4, t * = 1.228 (b) AR = 1/4, t * = 1.228 Figure 8 . Visualization of secondary vortex structure (SVS) generated by the obstacles, showing the image frame after the break-off of SVS from the obstacle. The iso surface is based on ω * = 79.
The difference between the SVS of different obstacles could also be seen in Figure 8 , which shows the flow field right after the cessation SVS generation by obstacle as the isosurface of the SVS is no longer connected to the iso-surface of the obstacle's wake. While the obstacle generated SVS from AR = 1/4 appeared to be interwoven into the primary vortex structure in Figure 8(b) , the SVS generated by AR = 4 obstacle remain distinct from the wake vortex core. Regardless, SVS from both obstacles eventually linked up with the SVS generated from near-ground flow separation at t * = 1.228 as shown in Figure   7 (e) and Figure 7 (f). The importance of the SVS from near-ground flow separation was not immediately apparent until a better post-processing tool became available.
The new post-processing code was based on the ones written for MGLET data from DLR, the code was originally written by Dr. Hennemann for wake vortex tracking in atmosphere 25 and later modified by Dr. Stephan for wake vortex tracking near ground.
Modification to the OpenFOAM data export utility also had to be made so the operation would not exceed the 300GB file system quota on the NTU HPC system. The new postprocessing code provided us with a better domain wide picture of circulation evolution over time, which is visualized in Figure 9 as pseudocolor contour plots; the vertical axis is time normalized by t 0 , the horizontal axis the x position normalized by b 0 , and the color scale for the circulation normalized by Γ 0 . The contour plots show that wake vortex dissipation with obstacles is actually a twostages process: the first stage of wake dissipation is through SVS generated as part of the wake behind the obstacle that became stretched and wrapped around the primary wake vortex structure; the second stage of wake decay is caused by the SVS generated by near-ground boundary layer separation due to the wake vortex similar to the dissipation mechanism for cases without obstacles, but triggered to occur earlier due to the existence of Ω SVS. The start of each stage would show up as darker line on the plot as the passing SVS deformed the wake vortex structure, which resulted in portion of the vortex existing outside of the circulation measurement area.
The plots also suggested that the closer the two legs of Ω SVS are, i.e. the narrower the obstacle is in width, the faster the instability would propagate along the vortex axis. The difference in propagation speed can be observed in the different angles of darker lines that showed the initial circulation drop from SVS, where a smaller angle to vertical axis correlates to slower propagation of SVS. While the SVS generated by the obstacle was unable to produce sustained, accelerated, reduction to the overall circulation, it does serve as a trigger for an earlier onset of near-ground flow separation that would ultimately lower the wake vortex circulation below 0.5Γ 0 .
V. Conclusion
Despite the very different SVS generated by the different obstacle setup, the overall trend and final reduction in wake vortex strength remained quite similar. From the operational stand point, though, the higher aspect ratio obstacle would definitely be preferred. The follow up question would then be: how low can the obstacle be to remain effective, is the effectiveness related to the thickness of near-ground boundary layer, and does the difference in boundary layer thickness due to crosswind condition influence the effectiveness of obstacles with higher aspect ratio.
On the other hand, additional simulation study conducted in NTU indicated that the positioning of obstacle have significant effect on the dissipation rate of wake vortex.
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Subsequently, we might actually see a higher dissipation rate from the higher aspect ratio obstacles as their y * position relative to that of the wake vortex at the contact point is larger than the smaller aspect ratio. By placing the large AR obstacle further away from the center-line, thus prolonging the amount of time for interaction between vortex and obstacle to occur, we could see a more noticeable difference in results.
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